F rom ancient tonics to modern molecular interventions, the quest for longevity has always been part of human nature. Nutrient availability is closely tied with growth and longevity in many organisms 1 . In higher plants, the manipulations of nutrient availability, such as the deprivation of carbon or nitrogen sources, can also modulate plant senescence 2,3 . In addition, many key regulators of senescence are conserved in plants, suggesting that the regulation of longevity may be conserved in eukaryotic systems 1, [4] [5] [6] [7] . Consistent with this notion, over-expressions of KIN10 and KIN11, encoding plant homologues of 5′ AMP-activated protein kinase, promote plant longevity in Arabidopsis 7 .
senescence process in the WT, abs3-1D and mateq. At 16 d old, the first pair of true leaves had comparable levels of total cellular protein in all three genotypes ( Fig. 1h,i) . However, the first pair of true leaves of 26-d-old abs3-1D showed prominent signs of senescence, accompanied by a massive loss of cellular proteins and chlorophyll, while leaf chlorosis and the reduction in protein content were milder in mateq compared with in the WT (Fig. 1h,i) . Importantly, the endogenous promoter-driven ABS3 and green fluorecent protein (ABS3-GFP) fusion gene (pABS3:ABS3-GFP) was sufficient to complement the delayed senescence phenotype in mateq and mates, respectively (Fig. 1j ). Together, these data demonstrate that ABS3 subfamily MATEs are positive regulators for both carbon-deprivation-induced and natural developmental senescence.
ABS3 subfamily MATEs control senescence and proteostasis independent of canonical autophagy. The accelerated senescence phenotypes of abs3-1D and abs4-1D under carbon deprivation are reminiscent of plant atg mutants ( Supplementary  Fig. 2a ) [35] [36] [37] [38] . To probe the relationship between the ABS3-mediated pathway and autophagy, we first took a genetic approach and generated higher-order mutants of ATG5/7 and ABS3 subfamily MATE genes. Remarkably, the senescence phenotype of atg7-3 under carbon deprivation was effectively suppressed in the mateq atg7-3 mutant, suggesting a previously unknown role of ABS3 subfamily MATE proteins in regulating senescence in the absence of canonical autophagy ( Fig. 2a ). Consistently, the abs3-1D atg7-3 double mutant was extremely sensitive to carbon deprivation, showing far more severe chlorosis ( Fig. 2a ). Analyses of the quintuple mutant mateq atg5-1 and double mutant abs3-1D atg5-1 corroborated the observations of the mateq atg7-3 and abs3-1D atg7-3, respectively ( Supplementary Fig. 2b ). The reversal of early senescence phenotypes of atg7-3 and atg5-1 by mateq could bypass the need for autophagy to prevent senescence in plants. These findings suggest that the activities of the ABS3 subfamily MATEs act as a molecular switch for the senescence programme, regardless of whether canonical autophagy is functional.
To understand the molecular basis of these genetic interactions, we analysed the accumulations of ATG8 and ATG8-PE in these mutants. Consistent with the established functions of ATG5 and ATG7, on carbon deprivation, atg7-3 or atg5-1 failed to produce ATG8-PE, but accumulated high levels of ATG8 precursors, including a distinct ATG8 form that is not found in the WT ( Fig. 2b and Supplementary Fig. 2c,d ). Despite the opposite senescence phenotypes, mateq atg7-3 and abs3-1D atg7-3 showed ATG8 accumulation patterns similar to that of atg7-3 (Fig. 2b ). In addition, regardless of the carbon deprivation treatment, the degradation of NEIGHBOR OF BRCA1 (NBR1)-a cargo receptor and substrate for selective autophagy 39 -was only blocked when ATG5 or ATG7 was mutated, but was not affected in either abs3-1D or mateq (Fig. 2c) . These results suggest that the flux of autophagy is uninterrupted in abs3-1D or mateq. Importantly, introducing mateq to the atg7-3 or atg5-1 background markedly slowed down the protein loss during carbon deprivation ( Fig. 2b and Supplementary Fig. 2d ). Meanwhile, adding the abs3-1D mutation to atg7-3 or atg5-1 further escalated the rate of protein loss ( Fig. 2b and Supplementary Fig. 2c ). Together, our genetic, biochemical and molecular evidence suggests that ABS3 subfamily MATEs control senescence and proteostasis independent of autophagy.
In Arabidopsis, the late endosome, multivesicular bodies and prevacuole are indistinguishable endomembrane compartments controlling the selective trafficking of proteins to the vacuole for degradation 40 . Previously, we showed that ABS3, ABS4, ABS3L1 and ABS3L2 co-localized with a late endosomal protein, SYP21 (ref. 30 ). Next, we validated whether all six members of the ABS3 subfamily MATEs reside at the late endosome. When co-expressed in Arabidopsis leaf protoplasts, MATE-GFPs largely overlapped with shaded part) . c, Senescence phenotypes of WT and single mutants of ABS3 subfamily MATE genes before and after 9 d of carbon deprivation. d, Senescence phenotypes of the WT, mated (abs3-1 abs4-1), mateq (abs3-1 abs4-1 abs3l1-1 abs3l2-1) and mates (abs3-1 abs4-1 abs3l1-1 abs3l2-1 abs3l3-1 abs3l4-1) before and after 9, 13 and 18 d of carbon deprivation. e, Chlorophyll and protein content (normalized to equal amounts of fresh weight) reduction in the WT, abs3-1D and mateq during carbon deprivation. Data are presented as means ± s.d. (n = 3 biological replicates). f, Total cellular proteins from the WT, abs3-1D and mateq during carbon deprivation were resolved on SDS-PAGE, stained with CBB or probed with the indicated antibodies. anti-PBA1 served as a loading control. g, RT-qPCR analyses of the indicated genes in the WT, abs3-1D and mateq during carbon deprivation. The relative expression is shown for SAG12. The log 2 [fold change] with respect to the expression levels in the WT at 0 d is shown for the other genes. Data are presented as means ± s.d. (n = 4 biological replicates). h, First pairs of true leaves from 16-and 26-day-old WT, abs3-1D and mateq. i, The total cellular proteins in leaves shown in h were resolved on SDS-PAGE and stained with CBB. j, Complementation of mateq and mates by the expression of pABS3:ABS3-GFP. The experiments in a, c, d, f and h-j were repeated independently three times with similar results.
the late endosomal protein marker mScarlet-ARA7 ( Fig. 2d and Supplementary Fig. 2e ) 41, 42 . Furthermore, in planta co-localizations of ABS3-GFP and mCherry-ARA7 were observed in the root epidermal cells of dual-labelling transgenic lines expressing both p35S:ABS3-GFP and pUBQ10:mCherry-ARA7 ( Fig. 2e ). Next, we treated the transgenic plants p35S:ABS3-GFP and pUBQ10:yellow interaction between abs3-1D, mateq and the autophagy mutant atg7-3. a, Senescence phenotypes of the WT, abs3-1D, mateq, atg7-3, the abs3-1D atg7-3 double mutant and the mateq atg7-3 quintuple mutant before and after 5 d of carbon deprivation. b, Total cellular proteins from plants of the indicated genotypes before and after 5 d of carbon deprivation were resolved on SDS-PAGE, probed with the indicated antibodies or stained with CBB. The asterisk indicates a distinct ATG8 precursor or modification found in autophagy deficiency backgrounds. c, Immunoblot analysis of NBR1 accumulation in plants of the indicated genotypes before and after 3 d of carbon deprivation. d, Co-localization of ABS3-GFP and the late endosomal marker mScarlet-ARA7 in Arabidopsis leaf protoplasts. Scale bar, 10 μ m. e, Root epidermal cells of the Arabidopsis transgenic line expressing both ABS3-GFP and mCherry-ARA7. Scale bar, 10 μ m. f, Effects of E-64d on bulk protein reduction in the WT, abs3-1D atg7-3 and abs3-1D atg7-3 after 3 d of carbon deprivation. The experiments in a-f were repeated independently three times with similar results. fluorescent protein (YFP)-ARA7 with wortmannin-a phosphoinositide 3-kinase inhibitor known to cause the swelling of multivesicular bodies 40 . Both ABS3-GFP and YFP-ARA7 gave ring-like signals on wortmannin treatment ( Supplementary Fig. 2f ). The majority of ABS3-GFP signals were found on the periphery of the rings (probably the late endosomal delimiting membrane) and a minor portion of ABS3-GFP signals were also present inside the rings ( Supplementary Fig. 2f,g ).
Finally, we tested whether the proper function of the vacuole is required for ABS3-mediated proteostasis. An estimation of vacuolar cathepsin B-like cysteine protease activity by Magic Red Cathepsin B reagent staining suggested that cathepsin B-like protease activity is higher in abs3-1D than in the WT or mateq ( Supplementary Fig. 2h ,i). In addition, when the WT, atg7-3, abs3-1D and abs3-1D atg7-3 seedlings were subjected to carbon deprivation and treated with E-64d (a vacuolar cysteine protease inhibitor), E-64d effectively impeded the rate of bulk protein reduction in atg7-3, abs3-1D and abs3-1D atg7-3 seedlings after 3 d of carbon deprivation (Fig. 2f ). These findings suggest that the ABS3-mediated catabolic pathway is at least partially dependent on the proteolytic activity of the vacuole.
ABS3 subfamily MATEs are novel ATG8-interacting partners at the late endosome. The hyperaccumulation of carbon-deprivation-induced ATG8-PE in abs3-1D implies a potential functional link between ABS3 and ATG8. To test this hypothesis, we assessed whether ABS3 physically interacts with ATG8. First, partial co-localization was observed in Arabidopsis leaf protoplasts co-expressing mCherry-ABS3 and GFP-ATG8e ( Fig. 3a ). Next, we probed the potential direct interaction between ABS3 and ATG8 by bimolecular fluorescence complementation (BiFC) assay in protoplasts and the split-ubiquitin assay in yeast 43, 44 . In the BiFC assay, co-expressing amino (N)-terminal YFP-ABS3 (YN-ABS3) and carboxy (C)-terminal YFP-ATG8e (YC-ATG8e), but not YN-ABS3 and YC vector or YN vector and YC-ATG8e, in protoplasts reconstituted punctuated YFP signals that localized to mScarlet-ARA7-labelled late endosomes ( Fig. 3b and Supplementary Fig. 3a ). In the splitubiquitin assay, the interaction of ABS3 or ABS4 with ATG8e activated the expression of reporter genes ( Fig. 3c and Supplementary  Fig. 3b ). To expand our findings, we investigated the interactions between the other five members of the ABS3 subfamily and ATG8e with the BiFC assay, and showed that they interact at late endosomes ( Supplementary Fig. 3c ). We also confirmed that all nine Arabidopsis ATG8s (ATG8a-ATG8i) could interact with ABS3 subfamily MATEs ( Supplementary Fig. 4 ). Lastly, we carried out a pulldown assay using purified recombinant glutathione S-transferase (GST)-ATG8e. GST-ATG8e, but not GST, was able to pull down ABS3-GFP from membrane fractions of p35S:ABS3-GFP transgenic lines ( Fig. 3d ). Together, our data support a direct physical interaction between ABS3 and ATG8 at the late endosome.
ATG8-ABS3 interaction is uncoupled from ABS3 transporter activity or the autophagic function of ATG8. The unexpected interaction between ABS3 and ATG8 prompted us to test whether ABS3 has acquired additional functions that could be uncoupled from its MATE transporter activity. To test this possibility, we first compared the amino acid sequences of the ABS3 subfamily MATEs with the MATE transporter of the hyperthermophilic archaeon Pyrococcus furiosus (PfMATE) and an Arabidopsis MATE AtDTX14, whose crystal structures and essential amino acids for transporter activity have been determined 45, 46 . We identified Pro 66 in ABS3 as a conserved residue, whose corresponding residues in PfMATE and AtDTX14 (Pro 26 in PfMATE and Pro 36 in AtDTX1) are indispensable for their transporter activity ( Fig. 4a ). Converting Pro 66 to alanine in ABS3 would produce a presumably transporterdead version of ABS3. Indeed, ABS3 P66A failed to complement the Escherichia. coli transporter mutant ∆acrB, as expressing ABS3, but not ABS3 P66A , conferred resistance to the antibiotic norfloxacin in the ∆acrB background ( Fig. 4b ). Co-expressions of GFP-ABS3 P66A with mCherry-ABS3 or mScarlet-ARA7 showed nicely overlapping signals, suggesting that the P66A mutation does not alter the subcellular localization of ABS3 ( Supplementary Fig. 5a ). Next, we checked the interactions between YN-ABS3 P66A and YC-ATG8e via BiFC assay in protoplasts, and found that the P66A mutation did not hamper the efficiency or localization of the reconstituted YFP signals ( Fig. 4c and Supplementary Fig. 5b ,f). Moreover, Arabidopsis transgenic lines expressing p35S:ABS3 P66A not only hastened senescence under carbon deprivation but also resembled abs3-1D when grown on soil (Fig. 4d,e and Supplementary Fig. 5g ). Together, these results indicate that the ATG8-ABS3 interaction, as well as the regulation of senescence by ABS3, can be uncoupled from the transporter function of ABS3.
In canonical autophagy, ATG8 is processed by ATG4 at a conserved C-terminal glycine, and a ubiquitin-like conjugation system (ATG7 as E1; ATG3 as E2; ATG12-ATG5-ATG16 as E3) facilitates the formation of ATG8-PE moieties 3, 15 . However, our genetic evidence suggests that the ABS3-mediated senescence pathway does not rely on ATG5 or ATG7, raising the question of whether the ATG8-ABS3 interaction requires the lipidation of ATG8. To test this, we first determined that Gly 118 of Arabidopsis ATG8e is the conserved glycine ( Fig. 4f ). YFP signals reconstituted by Gly 118-mutated YC-ATG8e G118A and YN-ABS3 were indistinguishable from those produced by WT YC-ATG8e and YN-ABS3 ( Fig. 4g and Supplementary Fig. 5c ,f), suggesting that the formation of ATG8-PE is not necessary for ATG8-ABS3 interaction at the late endosome. Furthermore, BiFC assays of YC-ATG8e and YN-ABS3 carried out in atg7-3 and atg5-1 mutant protoplasts also yielded punctuated signals at late endosomes despite the blockage of autophagy and ATG8-PE conjugation (Fig. 4h ,i and Supplementary  Fig. 5d -f). These data suggest that ABS3 could recruit unconjugated ATG8 to the late endosome, and also indicate that the ATG8-ABS3 interaction represents a previously unknown non-autophagic function of ATG8.
ATG8-ABS3 interaction is required for ABS3-mediated senescence. Next, we sought to explore the functional consequence of disruption of the ATG8-ABS3 interaction. ATG8 is known to interact with its interactors via the ATG8-interacting motif (AIM)/ LC3-interacting region (LIR) 47 . The iLIR programme predicts two potential AIMs in ABS3 and these two AIMs appear to be conserved in the ABS3 subfamily ( Fig. 5a and Supplementary Fig. 6a ) 48 . We constructed mutant forms of ABS3 harbouring mutations disrupting AIM1 (ABS3 mAIM1 : W278A L281A) and AIM2 (ABS3 mAIM2 : W463A L466A), individually and simultaneously (ABS3 mAIM1+mAIM2 ). Co-localization analyses indicated that three mutant forms of ABS3 did not affect late endosomal localization ( Supplementary  Fig. 6b ). When individual AIM was disrupted, YN-ABS3 mAIM1 or YN-ABS3 mAIM2 could still reconstitute YFP with YC-ATG8e ( Fig. 5b and Supplementary Fig. 6c ). However, quantifications of BiFC assays showed that disruption of a single AIM, especially AIM2, significantly reduced the efficiency of the ATG8e-ABS3 interaction ( Fig. 5b and Supplementary Fig. 5f ). When both AIMs were mutated in ABS3 mAIM1+mAIM2 , we observed a dramatically diminished interaction signal between YN-ABS3 mAIM1+mAIM2 and YC-ATG8e ( Fig. 5b and Supplementary Fig. 5f ), suggesting that these two AIMs are critical mediators of the ATG8-ABS3 interaction.
To investigate the cellular function of the ATG8-ABS3 interaction, we examined the trafficking of ABS3-GFP and ABS3 mAIM1+mAIM2 -GFP in protoplasts. WT protoplasts transfected with ABS3-GFP were treated with the vacuolar protease inhibitor E-64d or mock-treated with dimethyl sulfoxide (DMSO) and incubated in sugar-free buffer in the dark for 12 h. In E-64d-but not DMSO-treated protoplasts, in addition to the endosomal ABS3-GFP puncta present in the cell periphery, we also detected punctuate ABS3-GFP signals in the vacuole (Fig. 5c ). The trafficking of ABS3-GFP to the vacuole was also observed in atg7-3 or atg5-1 backgrounds ( Fig. 5c and Supplementary Fig. 6d ). These findings suggest that under carbon deprivation ABS3-GFP is probably delivered to the vacuole for degradation, and this process is independent of autophagy. Strikingly, the delivery of ABS3-GFP to the vacuole was abolished when both AIMs were mutated, as ABS3 mAIM1+mAIM2 -GFP maintained a predominantly endosomal distribution in either the WT or the atg7-3/atg5-1 mutant background, regardless of the presence or absence of E-64d ( Fig. 5c and Supplementary Fig. 6d ). These data indicate that the trafficking of ABS3-GFP to the vacuole is dependent on the ATG8-ABS3 interaction but not autophagy.
To determine the trafficking of ABS3-GFP in planta, we tracked changes of ABS3-GFP and ABS3 mAIM1+mAIM2 -GFP signals in Arabidopsis transgenic lines. In root epidermal cells of seedlings kept under light, both ABS3-GFP and ABS3 mAIM1+mAIM2 -GFP showed endosomal localization, regardless of whether E-64d was added ( Fig. 5d ). In addition to the endosomal ABS3-GFP signals, 12 h of carbon deprivation led to diffused GFP signals in the vacuole (Fig. 5d ). The addition of E-64d during carbon deprivation treatment led to the accumulation of ABS3-GFP puncta in the vacuole, confirming that the delivery of ABS3-GFP to the vacuole probably leads to its degradation. Consistently, immunoblotting analysis of ABS3-GFP showed a substantial increase of free GFP after carbon deprivation, and E-64d treatment during carbon deprivation increased the accumulation of ABS3-GFP with a concomitant decrease of free GFP ( Supplementary Fig. 6e ). Notably, this carbon-deprivationstimulated trafficking of ABS3-GFP to the vacuole is disabled when AIMs in ABS3 are disrupted, as ABS3 mAIM1+mAIM2 -GFP remained mostly endosomal even under carbon deprivation and E-64d treatment ( Fig. 5d ). Together, these data confirm that the ATG8-ABS3 interaction is required for the carbon-deprivation-induced vacuolar degradation of ABS3-GFP. Finally, to uncover the physiological role of the ATG8-ABS3 interaction in planta, we generated Arabidopsis transgenic lines expressing p35S:ABS3 mAIM1+mAIM2 . Despite the high levels of ABS3 mAIM1+mAIM2 transcripts, the progression of carbon-deprivationinduced senescence in p35S:ABS3 mAIM1+mAIM2 lines is comparable to that of the WT, in contrast with the accelerated senescence of abs3-1D ( Fig. 5e and Supplementary Fig. 6f ). Consistent with plant phenotypes, overexpression of ABS3 mAIM1+mAIM2 failed to accelerate protein degradation during carbon deprivation (Fig. 5f ). When grown on soil, p35S:ABS3 mAIM1+mAIM2 lines resembled the WT but not abs3-1D ( Supplementary Fig. 6g ). To investigate whether the availability of the total cellular ATG8 pool regulates ABS3-mediated senescence, we overexpressed ATG8e in the abs3-1D background. Interestingly, the dramatically increased protein level of ATG8 did not alter the accelerated senescence of abs3-1D under carbon deprivation, nor did it affect the developmental phenotype of soil-grown abs3-1D (Fig. 5g,h and Supplementary Fig. 6h ), suggesting that the amount of ATG8 is not a limiting factor of ABS3-mediated senescence. Together, these findings suggest that the ATG8-ABS3 interaction may generate a signal to promote senescence and protein degradation, and the involvement of ATG8 in the ABS3-mediated senescence pathway provides a function that is opposite to the role of autophagy in senescence prevention.
Conservation of the ATG8-ABS3 interaction in plant senescence.
ATG8 and MATE genes are ubiquitously present in higher plants.
To test whether the ATG8-ABS3 interaction in dicotyledonous Arabidopsis represents a conserved mechanism in higher plants, we cloned an ABS3 subfamily MATE gene and an ATG8 gene from monocotyledonous wheat (Triticum aestivum) and named these two genes TaABS3 and TaATG8d, respectively, based on their phylogenetic relationship with Arabidopsis MATEs and ATG8s ( Supplementary Figs. 1e and 7a,b ). Co-localization of TaABS3-GFP with mScarlet-ARA7 in Arabidopsis protoplasts indicated that TaABS3 also resides at the late endosome ( Fig. 6a) . A BiFC assay showed that TaABS3 could interact with TaATG8d ( Fig. 6b and Supplementary Fig. 7c ). Moreover, we observed cross-species interactions between Arabidopsis ABS3 subfamily MATEs and TaATG8d ( Supplementary Fig. 7d ). Intriguingly, TaABS3 also harbours two putative AIMs at the conserved positions compared with those found in ABS3 (Fig. 6c ). Consistent with findings in Arabidopsis, the disruption of both AIMs (mAIM1: W303A L306A; mAIM2: W488A L491A) in TaABS3 abolished the TaATG8d-TaABS3 interaction but did not interfere with the late endosomal localization of TaABS3 (Fig. 6d,e and Supplementary Fig. 7e ). Lastly, we generated Arabidopsis transgenic lines expressing p35S:TaABS3 or p35S:TaABS3 mAIM1+mAIM2 . On carbon deprivation, p35S:TaABS3 lines, but not p35S:TaABS3 mAIM1+mAIM2 lines, showed accelerated senescence and excessive loss of total cellular proteins compared with the WT (Fig. 6f-h) . These data and the high homology between TaATG8d and AtATG8s suggest that the ABS3-mediated senescence pathway is probably conserved among dicot and monocot plants, and the ATG8-ABS3 interaction module represents a conserved senescence regulation paradigm in higher plants.
Discussion
Cellular proteostasis is a key determinant of senescence and longevity, and proteostasis dysfunction is often associated with premature senescence and diseases 1 . Protein degradation systems, including the canonical autophagy pathway, are expected to maintain cellular proteostasis 1 . In higher plants, defects in canonical autophagy lead to accelerated senescence under natural or stress conditions [35] [36] [37] [38] . The counterintuitive fact that cellular protein degradation is accelerated in plant atg mutants suggests the presence of additional senescence pathway(s). However, the nature of these pathway(s) remains poorly understood. Supplementary Fig. 5 for the mScarlet-ARA7 panels of the same cells shown in g-i and the statistical analysis. In this study, we discovered that six late endosome-localized Arabidopsis ABS3 subfamily MATE transporters act redundantly to promote natural and carbon-deprivation-induced senescence ( Figs. 1 and 5) . The hypersensitivity to carbon deprivation of ABS3 gain-of-function mutants is reminiscent of loss-of-function mutants in autophagy 2,3 , suggesting opposite consequences of the two catabolic pathways. However, clear functional distinctions exist between the ABS3-mediated pathway and autophagy, as ABS3 gain-of-function mutants display additional developmental phenotypes that are not associated with plant autophagy mutants 27, 30 .
In-depth genetic dissection of the ABS3-mediated pathway and autophagy pathway showed that the accelerated protein degradation and senescence phenotypes of atg mutants were suppressed by the higher-order MATE gene family mutants but further worsened in abs3-1D (Fig. 2) . The mateq mutant could circumvent autophagy deficiency to prevent senescence and promote plant longevity during carbon deprivation. Our findings suggest that ABS3 subfamily MATE transporters are required for the senescence programme under carbon deprivation or canonical autophagy deficiency. Furthermore, we discovered that ABS3 subfamily MATEs interact with ATG8 at the late endosome to promote senescence (Fig. 3) . The C-terminal processing of ATG8, subsequent conjugation of ATG8 to ATG8-PE and recruitment of ATG8-PE to autophagic membranes are conserved and obligatory steps in autophagy 3, 15 . In contrast, the ATG8-ABS3 interaction at the late endosome does not require the formation of ATG8-PE or ATG5/7-dependent canonical autophagy (Figs. 4f-i and 5e). Thus, our findings reveal a non-autophagic function of ATG8 in the ABS3-mediated senescence pathway. Importantly, this ABS3-mediated pathway is probably conserved in higher plants as we observed a similar TaATG8-TaABS3 function module in monocotyledonous wheat (Fig. 6 ). Although non-autophagic functions of ATG proteins have recently emerged 49, 50 , the discovery that the ATG8-ABS3 interaction controls plant senescence is unprecedented. Given the membrane tethering ability of ATG8 and the potential large number of ATG8-interacting proteins in plants and animals 51, 52 , ATG8 and related proteins could act as central and versatile facilitators of cellular processes beyond autophagy. The identification of ABS3 subfamily MATEs as novel ATG8 interactors expands the known ATG8 interactome and cellular functions.
Based on our findings, we propose a model in which the ATG8-ABS3 pathway and canonical autophagy act in parallel and control plant senescence and longevity (Fig. 7) . Under mild nutrient limitation, autophagy is activated and utilizes ATG8 to promote plant longevity. However, under severe nutrient deprivation, or when autophagy is blocked, the previously unrecognized ATG8-ABS3 pathway promotes plant senescence (Fig. 7) . Under carbon deprivation, the ATG8-ABS3 interaction promotes ABS3 trafficking to the vacuole lumen and its degradation in the vacuole (Fig. 5) . The trafficking of ABS3 into the vacuole is clearly independent of autophagy. Given the presence of ABS3 on the late endosome, ABS3-GFP trafficking may be mediated by endosomal vacuole fusion. However, how ABS3-GFP is delivered to the vacuole lumen remains unclear, and additional mechanisms might be involved 53 .
Since ABS3-mediated senescence is neither alleviated nor enhanced by the increased amount of ATG8 protein (Fig. 5g) , additional factors may be needed for the partitioning of ATG8s to the senescencepreventing autophagy pathway or the senescence-promoting ABS3 pathway. It is possible that the interaction between the ATG8-ABS3 interaction and the subsequent degradation of ABS3 in the vacuole triggers a retrograde signal that activates the senescence programme in a nutrient-dependent manner. In this scenario, the flux of ABS3 to the vacuole may serve as a means for the vacuole to sense the nutrient status of the cell. Our findings uncover a new non-autophagic function of ATG8 and establish the noncanonical ATG8-ABS3 pathway as an evolutionarily conserved senescence regulatory mechanism in higher plants.
Methods
Plant materials and growth conditions. All Arabidopsis strains used in this study are of the Columbia-0 (Col-0) background. Arabidopsis mutants atg5-1 (SAIL_129_ B07) 37 , atg7-3 (SAIL_11_H07) 54 , abs3-1D 30 , abs4-1D 30 , abs3-1 (SM3_36823) 30 , abs4-1 (SALK_067667) 30 , abs3l1-1 (SAIL_1236_H10) 30 and abs3l2-1 (SALK_144096) 30 have been described; abs3l3-1 (SALK_127812) and abs3l4-1 (SALK_128217) were obtained from the Arabidopsis Biological Resource Center. The quadruple mutant mateq (abs3-1 abs4-1 abs3l1-1 abs3l2-1) has been described 30 . The higherorder mutants mated (the abs3-1 abs4-1 double mutant), mates (the abs3-1 abs4-1 abs3l1-1 abs3l2-1 abs3l3-1 abs3l4-1 sextuple mutant), the abs3-1D atg7-3 double mutant, the mateq atg7-3 quintuple mutant, the abs3-1D atg5-1 double mutant and the mateq atg5-1 quintuple mutant were generated in this study. The Arabidopsis transgenic line expressing pUBQ10:YFP-ARA7 (wave_2Y) has been described 55 . The primers used for genotyping are listed in Supplementary Table 1 .
Plants for protoplast preparation were grown on Jiffy-7-Peat Pellets (Jiffy Group) and kept in a growth chamber set at 22 °C and under ~75 µ mol m −2 s −1 illumination in a 12 h/12 h day/night cycle. Plants for other purposes were grown on commercial soil mix (Pindstrup) and placed in a growth room kept at 22 °C with continuous illumination at ~80 µ mol m −2 s −1 .
Carbon deprivation treatment. Arabidopsis seeds were first surface sterilized with a solution containing 50% (v/v) bleach and 0.1% (v/v) Triton X-100 for 5 min and washed 7 times with sterilized water. After 3 d of stratification at 4 °C, the seeds were planted on a 1/2 Murashige and Skoog basal salts mixture (M153; PhytoTechnology Laboratories) supplemented with 1% (w/v) sucrose and 1% (w/v) Bacto Agar (214010, BD). 1/2 Murashige and Skoog plates were then placed vertically in a growth chamber under continuous illumination at ~75 µ mol m −2 s −1 . For the carbon deprivation treatment, 7-day-old seedlings were transferred to 1/2 Murashige and Skoog plates without sucrose and wrapped in aluminium foil for dark treatment in the same growth chamber for the indicated time periods. Seedlings immediately after transplantation served as 0 d carbon deprivation controls.
Nitrogen starvation treatment. Arabidopsis seeds were sown on a 1/2 Murashige and Skoog basal salts mixture without nitrogen (M531; PhytoTechnology Laboratories) supplemented with 10 mM KNO 3 , 1% (w/v) sucrose and 1% (w/v) Bacto Agar. Seven-day-old seedlings were then transferred to the same medium with 10 mM KCl (nitrogen starvation) or 10 mM KNO 3 (control treatment) for 4 d. Plants were kept under continuous light (~80 µ mol m −2 s −1 ) at 22 °C before and during nitrogen starvation.
Vector construction. Details of the primers used for vector construction are listed in Supplementary Table 1 . A list of all of the vectors used in this study is provided in Supplementary Table 2 .
Briefly, for co-localization studies, coding sequences of the fluorescent proteins GFP, mCherry and mScarlet 42 with or without the stop codon were amplified and placed in the pUC18 backbone between the 35S promoter and NOS terminator. Coding sequences of Arabidopsis MATE family genes were fused at the N terminus of GFP coding sequences to generate pUC18-p35S:MATE-GFP. Coding sequences of Arabidopsis ATG8 genes were fused at the C terminus of GFP to generate pUC18-p35S:GFP-ATG8. TaABS3 and TaATG8d messenger RNA sequences were obtained by performing blast searches using ABS3 and ATG8e protein sequences as queries, respectively. TaABS3 and TaATG8d complementary DNA (cDNA) sequences were amplified from cDNAs synthesized from wheat seedlings, cloned into the pUC18-p35S:GFP vector and verified by sequencing. Coding sequences of ARA7 were fused at the C terminus of mScarlet to generate pUC18-p35S:mScarlet-ARA7. Coding sequences of ABS3 were fused at the C terminus of mCherry to generate pUC18-p35S:mCherry-ABS3. Vectors harbouring mutated versions of ABS3, TaABS3 or Arabidopsis ATG8e were generated using the Q5 Site-Directed Mutagenesis Kit (E0554S; New England Biolabs). For the BiFC assay, the expression cassettes for YN and YC, together with the polylinker sequence, were digested from pSPYNE(R)173 and pSPYCE(M) 43 , and cloned into the pUC18 backbone to generate pUC18-p35S:YN and pUC18-p35S:YC, respectively. Coding sequences of MATE family genes were fused at the C terminus of YN to generate pUC18-p35S:YN-MATE. Coding sequences of nine Arabidopsis ATG8 genes and wheat TaATG8d were fused at the C terminus of YC to generate pUC18-p35S:YC-ATG8. Vectors for the split-ubiquitin assay were constructed as described previously 44 .
Generation of transgenic lines. For plant transformation, coding sequences for ABS3-GFP, ABS3 P66A , ABS3 mAIM1+mAIM2 , ABS3 mAIM+mAIM2 -GFP, TaABS3, TaABS3 mAIM+mAIM2 and ATG8e were subcloned into a binary vector pBI111L 56 between the 35S promoter and NOS terminator. pBI111L-pABS3:ABS3-GFP was generated by replacing the 35S promoter in pBI111L with ABS3 endogenous promoter sequences 30 . The floral dip method was used for generating transgenic lines 57 . T1 plants were screened on solid 1/2 Murashige and Skoog medium supplemented with 1% (w/v) sucrose, 1% (w/v) Bacto Agar and 50 μ g ml −1 kanamycin.
Protein and chlorophyll contents measurement.
To measure protein and chlorophyll contents from the same sample, whole seedlings were harvested from vertical plates, weighed, frozen and ground in liquid nitrogen. Ground tissues were resuspended in 50 mM Tris-HCl pH 6.8, 2% sodium dodecyl sulfate (SDS) and 10% glycerol. A 50 μ l tissue resuspension from each sample was saved for chlorophyll measurement. The rest of the tissue resuspensions were incubated at 95 °C for 5 min to extract protein. Supernatants were collected after spinning at 14,000 r.p.m. at room temperature for 10 min. Protein contents in supernatants were measured using a Pierce BCA Protein Assay Kit (23227; Thermo Fisher Scientific) following the manufacturer's instructions. Chlorophyll was extracted by adding 450 μ l 95% ethanol to 50 μ l tissue resuspension and incubating at 4 °C in the dark. Supernatants were separated from tissue debris by centrifugation at 14,000 r.p.m. at 4 °C for 10 min. Absorbances at 649 and 664 nm of the supernatant were measured. The chlorophyll content was calculated as described previously 58 . Protein and chlorophyll contents were normalized to equal amounts of fresh tissue weight. Three biological replicates were included.
Immunoblot analysis. For SDS polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting, seedlings were weighed, frozen and ground in liquid nitrogen, and incubated with the lysis buffer containing 0.125 M Tris-HCl pH 6.8, 4% SDS and 20% glycerol for 2 h at 65 °C. Samples were normalized by adjusting the lysis buffer volumes based on the fresh tissue weight. After incubation, total cell extracts were centrifuged at 14,000 r.p.m. for 10 min at room temperature to remove the tissue debris.
To compare the total cellular protein levels in different samples and to separate ATG8 and ATG8-PE, a Urea-Tricine SDS-PAGE system was utilized 59 . Proteins were then transferred onto a polyvinylidene difluoride membrane and probed with a polyclonal ATG8 antibody prepared in-house. The ATG8 antibody was prepared as described previously 60 . To detect NBR1, RBCL and PBA1, protein samples were separated by standard SDS-PAGE, transferred onto a nitrocellulose membrane and probed with specific antibodies (anti-NBR1, AS142805 (Agrisera); anti-RBCL AS03037 (Agrisera); anti-PBA1, ab98861 (Abcam)).
RNA extraction and reverse-transcription quantitative PCR (RT-qPCR). Total
RNAs were prepared from seedlings using the Trizol RNA reagent (15596018; Thermo Fisher Scientific) following the manufacturer's instructions. cDNA was synthesized from 1 μ g total RNA using the Transcriptor First Strand cDNA Synthesis Kit (04897030001; Roche). qPCRs were performed using FastStart Essential DNA Green Master (06924204001; Roche) on a CFX96 Touch Real-Time PCR Detection System (Bio-Rad). The primers for qPCRs are listed in Supplementary Table 1 . Three or four biological replicates were included for data quantification. The expression of ACT2 was used as an internal control.
Split-ubiquitin assay. The procedure for the split-ubiquitin assay has been described previously 44 . Briefly, to detect an interaction between ATG8e and ABS3, XN21 ATG8e-NubG and MetYC ABS3-CubPLV were co-transformed into the yeast strain THY.AP4. To detect an interaction between ATG8e and ABS4, NX33 NubG-ATG8e and MetYC ABS4-CubPLV were co-transformed into the yeast strain THY. AP4. Different NubG vectors were used to minimize the false positive interaction. Co-transformed yeast cells were selected on SD-Leu-Trp medium. Single colonies were inoculated in liquid SD-Leu-Trp medium, and tenfold serial dilutions from saturated liquid cultures were spotted on SD-Leu-Trp-His-Ade + X-gal selection medium to detect protein interactions.
Protoplast transfection and spinning-disk confocal microscopy. Arabidopsis leaf protoplasts were prepared as described previously 61 . For co-transfections, 10 μ g of each vector were used to transfect 200 μ l protoplasts (2 × 10 5 ml −1 ). After transfection, protoplasts were incubated for 10-12 h before being examined with a spinning-disk confocal system equipped with a CSU-W1 spinning-disk head (Yokogawa) and an iXon Ultra 888 EMCCD (Andor) on a DMi8 microscope body (Leica). Specifically, protoplasts were imaged with a HCX PL Apo 1.44 N.A. 100× oil immersion objective. GFP and YFP were excited at 488 nm. mCherry and mScarlet signals were excited at 561 nm. A TR-F525/50 or TR-F593/46 bandpass emission filter (Semrock BrightLine) was used for capturing GFP/YFP or mCherry/mScarlet signals. Confocal images were processed with the Fiji ImageJ software 62 . To quantify BiFC assays, p35S:mScarlet-ARA7 was co-transfected with BiFC vectors as a transfection control. Interactions of YN and YC fusion proteins were quantified as the percentage of total transfected cells with YFP signals (cells with mScarlet-ARA7 signals). Three independent sets of experiments were performed and quantified for each pair of YN and YC vectors. Note that BiFC quantification data summarized in Supplementary Fig. 5f are also shown in Figs. 4c,g-i and 5b as means ± s.d.
Magic Red Cathepsin B assay. Magic Red Cathepsin B staining was performed on protoplasts prepared from cotyledons of 7-d-old seedlings following the manufacturer's instructions (number 937; ImmunoChemistry Technologies). After incubation, protoplasts were imaged using a fluorescence microscope (DMi8; Leica) equipped with a DFC365 FX CCD (Leica) using the 10× objective lens. The fluorescence intensities of each cell were measured using the Fiji ImageJ software.
GST pull-down assay. Recombinant GST or GST-ATG8e proteins were produced by transforming E. coli strain BL21(DE3) with pGEX 4T-1 (27-4580-01; GE Healthcare) or pGEX 4T-1-ATG8e and purified with Glutathione Sepharose 4B beads (17-0756-01; GE Healthcare) following the manufacturer's instructions. To pull down ABS3-GFP from p35S:ABS3-GFP transgenic lines, the membrane fraction was prepared from 0.5 g fresh tissue of p35S:ABS3-GFP plants as described 63 and incubated with 10 μ l Glutathione Sepharose 4B beads loaded with 100 μ g of purified GST or GST-ATG8e at 4 °C overnight in pull-down buffer (100 mM Tris-HCI pH 7.3, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid, 1% Triton X-100, 10% Glycerol and 1× protease inhibitor cocktail (4693159001; Roche)). After incubation, the beads were washed 5 times with washing buffer (100 mM Tris-HCI pH 7.3, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid and 1× protease inhibitor cocktail (4693159001, Roche)) and eluted by boiling in 2× SDS sample buffer. The presence of ABS3-GFP in the elutes was detected by immunoblotting using a monoclonal anti-GFP antibody (632381; Clontech). E. coli mutant growth complementation assay. The growth complementation assay was carried out using the drug-sensitive E. coli strain (BW25113) ΔacrB as described previously 45 . In brief, coding sequences for ABS3 or ABS3 P66A were cloned into pMAL-c4X (New England Biolabs) and the resulting vectors pMAL-c4X-ABS3 and pMAL-c4X-ABS3 P66A were used to transform the ΔacrB strain. Transformants were steaked on lysogeny broth plates containing 0.25 mM isopropyl β -d-1-thiogalactopyranoside to induce the expression of ABS3 or ABS3 P66A . Norfloxacin (0.02 μ g ml −1 ) (70458967; Sigma) was added to the plates to test drug resistance.
Drug treatment.
To treat protoplasts with E-64d (sc-201280A; Santa Cruz Biotechnology), 20 μ M E-64d or an equal volume of DMSO (0.1% (v/v)) was added to the protoplast incubation solution immediately after transfection. To treat seedlings with E-64d, 7-day-old seedlings grown on vertical plates were transferred to liquid 1/2 Murashige and Skoog medium containing 20 μ M E-64d or an equal volume of DMSO (0.1%(v/v)). To treat seedlings with wortmannin (S2758; Selleck), 4-day-old seedlings grown on vertical plates were transferred to liquid 1/2 Murashige and Skoog medium containing 30 μ M wortmannin or an equal volume of DMSO (0.1% (v/v)) for 1 h before examination by spinning-disk confocal microscopy. A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted Our web collection on statistics for biologists may be useful.
Software and code
Policy information about availability of computer code Data collection RT-qPCR data were acquired with the CFX Maestro Software (Bio-Rad). Confocal images were acquired with the IQ3.0 Imaging Workstation software (Andor). Fluorescent Images were acquired with the LAS X software (Leica).
Data analysis
Fiji-ImageJ was used to process images and measure fluorescence intensities. GraphPad Prism 7 was used to make graphs and perform statistical analyses. Clustal Omega (https://www.megasoftware.net/) was used to generate sequence alignments. iLIR (http://repeat.biol.ucy.ac.cy/cgibin/iLIR/iLIR_cgi) was used to predict AIMs.
For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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Data Policy information about availability of data All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
-Accession codes, unique identifiers, or web links for publicly available datasets -A list of figures that have associated raw data -A description of any restrictions on data availability Raw data of the findings presented in this study are available from the corresponding author upon request.
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Sample size
No statistical method was used to predetermine the sample sizes. All the experiments involving quantitative analyses were independently repeated at least three times. Sample sizes were judged as sufficient when results can be reliably reproduced. For qPCR analyses, three or four biological replicates were used. For chlorophyll and protein contents analyses, three biological replicates were used. Each biological replicate contained 10 randomly picked seedlings.
For BiFC assay quantification, more than 90 cells from three independent sets of experiments were used. The exact number of analyzed cells for each BiFC plasmids pair was listed in the figures ( Supplementary Fig. 5f and Supplementary Fig. 7e ).
To compare YFP-ARA7 and ABS3-GFP fluorescence intensities, more than 30 swollen MVBs from two seedlings of each fluorescent line were measured. The exact number of analyzed MVBs in each genotype was listed in the figure legend ( Supplementary Fig. 2g ). For cathepsin B protease activity estimation, Magic Red fluorescence intensities from more than 450 cells of each genotype were measured. The exact number of analyzed cells was listed in the figure legend ( Supplementary Fig. 2i ).
Data exclusions No data were excluded.
Replication
The experimental findings were reliably reproduced at least three times in this study.
Randomization
All samples were collected randomly.
Blinding
Genotypes or the combination of plasmids were not known a priori when the confocal imaging experiments were carried out.
Reporting for specific materials, systems and methods Obtaining unique materials Unique materials generated in this study are available from the corresponding author upon request.
